We have used affinity-purified antibodies reacting with guinea pig soleus muscle and ventricular myosin heavy chains to analyze the distribution of specific isomyosin in the ventricular myocardium of normal and renal hypertensive rats. Immunofluorescent staining of cardiac tissue sections with the two antimyosins revealed striking variations in reactivity among ventricular muscle fibers, reactive fibers being more numerous in the left compared to the right ventricle and in subendocardial compared to subepicardial layers. The response of the ventricular myocardium changed during development: all fibers were stained in the newborn rat, whereas most fibers were unreactive in 1-month-old animals. The number of reactive fibers increased again in subsequent stages leading to a mixed pattern in adult animals. The normal mixed pattern of reactivity was transformed into a uniformly positive pattern in hypertensive rats 2 months after surgery. This complete transformation was observed in 20 out of 23 hypertensive animals examined. These findings indicate that the two antimyosins cross-react with a particular type of ventricular myosin heavy chain, whose distribution varies in different muscle cells and whose relative concentration changes during development and during cardiac hypertrophy Induced by systemic hypertension. We suggest that differences in pressure load may be responsible for both regional variations in isomyosin distribution and for isomyosin changes in hypertensive animals.
Isomyosin Distribution in Normal and Pressure-Overloaded Rat Ventricular Myocardium
An Immunohistochemical Study LUISA GORZA, PAOLO PAULETTO, ACHILLE C. PESSINA, SAVERIO SARTORE, AND STEFANO SCHIAFFINO SUMMARY We have used affinity-purified antibodies reacting with guinea pig soleus muscle and ventricular myosin heavy chains to analyze the distribution of specific isomyosin in the ventricular myocardium of normal and renal hypertensive rats. Immunofluorescent staining of cardiac tissue sections with the two antimyosins revealed striking variations in reactivity among ventricular muscle fibers, reactive fibers being more numerous in the left compared to the right ventricle and in subendocardial compared to subepicardial layers. The response of the ventricular myocardium changed during development: all fibers were stained in the newborn rat, whereas most fibers were unreactive in 1-month-old animals. The number of reactive fibers increased again in subsequent stages leading to a mixed pattern in adult animals. The normal mixed pattern of reactivity was transformed into a uniformly positive pattern in hypertensive rats 2 months after surgery. This complete transformation was observed in 20 out of 23 hypertensive animals examined. These findings indicate that the two antimyosins cross-react with a particular type of ventricular myosin heavy chain, whose distribution varies in different muscle cells and whose relative concentration changes during development and during cardiac hypertrophy Induced by systemic hypertension. We suggest that differences in pressure load may be responsible for both regional variations in isomyosin distribution and for isomyosin changes in hypertensive animals. Ore Res 49: [1003] [1004] [1005] [1006] [1007] [1008] [1009] 1981 HYPERTROPHY of the ventricular myocardium induced by pressure overload is accompanied by decreased rate of shortening (Spann et al., 1967; Hamrell and Alpert, 1977; Jacob et al., 1977) . The reduced velocity of the hypertrophic myocardium has been demonstrated in chemically skinned ventricular preparations and must therefore reflect intrinsic changes in the contractile apparatus (Maughan et al., 1979) . It is currently assumed that these changes can be accounted for by the depressed myosin ATPase activity described by a large number of investigators in hearts hypertrophied secondary to pressure overload (Swynghedauw et al., 1976; Scheuer and Bhan, 1979; Wikman-Coffelt et al., 1979) . Recent studies have demonstrated the existence of myosin polimorphism in cardiac muscle. Electrophoretic separation of intact cardiac myosin under non-dissociating conditions has been achieved by Hoh et al. (1978) . The rat ventricular myocardium appears to contain three isomyosins, whose relative proportions vary during development and in the relation with the thyroid state of the animal. Using a similar approach, Lompre et al. (1979) have recently reported that isomyosin shifts occur during cardiac hypertrophy induced by pressure overload. Evidence for myosin polymorphism in the mammalian heart was obtained independently by immunological studies. Antibodies specific for bovine atrial myosin have been used to fractionate rabbit ventricular myosin into two components with different heavy chain structure (Sartore et al., 1979) . Immunofluorescence studies revealed heterogeneous distribution of these isomyosins in different ventricular muscle cells of the rabbit heart Sartore et al., 1981) . We report here antimyosin immunofluorescence studies on the rat heart showing differential distribution of ventricular isomyosins and altered isomyosin immunoreactivity during ventricular overload induced by renal hypertension.
Methods

Animals and Experimental Procedures
Wistar rats of different ages (1 day to 6 months) were used for immunofluorescence studies in normal animals.
Systemic hypertension and left ventricular hypertrophy were induced in 23 male Wistar rats VOL. 49, No. 4, OCTOBER 1981 (body weight 150-200 g) by narrowing one renal artery with a silver clip (inner diameter 0.2 mm): contralateral nephrectomy was also simultaneously performed in six of these animals, whereas the opposite kidney was left intact in all the others. The systolic blood pressure was measured plethysmographically, after gentle heating and light ether anesthesia, from the tail artery at 30 and 60 days after surgery. Ail animals were killed after 60 days. Unoperated animals of the same age were used as controls.
Antimyosin Antibodies
Antibodies against myosin isolated from the slow-skeletal guinea pig soleus muscle were prepared as previously described . Similar procedures were used for the preparation of antibodies against guinea pig ventricular myosin. In brief, myosins were isolated from soleus muscle and ventricular myocardium of adult guinea pig as described by Barany and Close (1971) and purified by ion-exchange chromatography (Richards et al., 1967) . Two groups of three rabbits were injected subcutaneously with 0.5 mg of soleus or ventricular myosin in 0.4 M KC1, 50 HIM Na phosphate buffer, pH 7.4, emulsified with an equal volume of complete Freund's adjuvant. Injections were repeated after 15, 30, and 45 days. Booster injections were made at subsequent periods to increase antibody titer.
Specific IgG were separated from the antisera by affinity chromatography on insolubilized soleus or ventricular myosin . A typical column prepared by coupling about 20 mg of soleus myosin to CNBr-activated Sepharose was found to bind 8.6 mg of antimyosin antibodies that were eluted by lowering pH. A column of 30 mg insolubilized ventricular myosin was found to bind 11 mg of antimyosin antibodies. Antiventricular antimyosin antibodies subsequently were absorbed with insolubilized guinea pig atrial myosin to eliminate cross-reactive antibodies, using previously described procedures (Cantini et al., 1980) .
Specificity of Antimyosin Antibodies
Titer and specificity of antimyosin antibodies were determined by immunodiffusion in agarose using myosin isolated from guinea pig fast skeletal muscles, the masseter and the tensor fasciae latae, for control. Antibodies were also analyzed by solid phase enzyme immunoassay combined with SDS gel electrophoresis (GEDELISA test; Lutz et al., 1978) as described in detail elsewhere (Sartore et al., 1981) . In brief, myosins were processed for SDS gel electrophoresis. Slices of the gels were incubated in microplate wells in 0.1 M Na carbonate buffer, pH 9.6, for 24 hours at 37°C, to allow the protein to elute from the gel and bind to the polystyrene surfaces. After washing, a fixed amount of antimyosin antibodies was added to each well. Bound antimyosin was revealed by goat anti-rabbit IgG conjugated with alkaline phosphatase, enzyme concentration being determined with p-nitrophenylphosphate as substrate.
Immunofluorescence
The hearts were rapidly excised, washed with saline, and frozen in liquid nitrogen. Cryostat sections were stained with the indirect immunofluorescence procedure. The sections first were incubated for 30 minutes at 37°C with unlabeled antimyosin antibodies in appropriate dilutions, final antibody concentration being 15 /ig/ml for antiventricular myosin and 30 /ig/ml for anti-soleus myosin antibodies. The sections were subsequently washed with phosphate-buffered saline and treated with fluorescein-labeled goat anti rabbit IgG (Miles Lab.) for 30 minutes at 37°C. Preimmune serum was used in the first step of the reaction for control. Sections were fixed in 1.5% paraformaldehyde in phosphatebuffered saline, mounted in Elvanol, and examined with a Leitz Dialux microscope with epifluorescence optics equipped with a Ploemopak filter set 12 for fluorescein fluorescence (excitation filter BP 450-490, barrier filter LP 515).
Results
Specificity of Antibodies
Anti-guinea pig soleus myosin antiserum (anti-gpSOLm) gave a single precipitin band with both guinea pig soleus and ventricular myosin in immunodiffusion ( Fig. 1 ), whereas no reaction was detectable against myosin isolated from fast skeletal muscles. In GEDELISA test, anti-gpSOLm reacted with the heavy chains of soleus myosin, whereas no reaction with light chains was detectable ( Fig. 2A) . When applied to cryostat sections of rat heart, anti-gpSOLm was found to stain ventricular but not atrial muscle cells.
Anti-guinea pig ventricular myosin antiserum (anti-gpVm) reacted with both guinea pig ventricaoo FIGURE 1 Anti-gpSOLm (anti-guinea pig soleus muscle myosin): Outcherlony double immunodiffusion assay. Anti-gpSOLm was placed in the central well (50 pi). The outer wells, beginning with the well on the left, contained ventricular myosin, soleus myosin, masseter myosin, and tensor fasciae latae myosin (about 1 mg/ml each; 50 \d per well). ular and soleus myosin in immunodiffusion test. In GEDELISA test, anti-gpVm reacted selectively with the heavy chains of ventricular myosin (Fig.  2B) . When tested on fresh-frozen sections by indirect immunofluorescence, anti-gpVm stained uniformly both atrial and ventricular muscle cells. To eliminate cross-reactive antibodies, 20 ml of anti-gpVm antiserum were absorbed with insolubifoed atrial myosin. Two antibody fractions were thus separated. One fraction retained by atrial myosin (4 mg of antibodies) stained both atrial and ventricular fibers in immunofluorescence test. The unretained fraction subsequently was applied to a column prepared by coupling ventricular myosin to Sepharose: the antibodies bound by this column (8 mg of antibodies) stained ventricular fibers selectively. These antibodies were used for subsequent immunofluorescence studies. The response of rat ventricular fibers to anti-gpSOlm and anti-gpVm was identical when examined in serial sections. Cross-reactivity of the two antimyosins was also shown by the fact that anti-gpVm antibodies were completely retained by a column of insolubilized soleus myosin.
Normal Rat Heart
The response of ventricular muscle fibers to the two antimyosins showed striking changes during postnatal development. In the first week after birth, the rat ventricular myocardium displayed a uniform pattern of reactivity, all fibers being strongly stained by the two antimyosins (Fig. 3) . A marked FIGURE 3 bYesh-frozen cryostat sections of rat ventricular myocardium stained with anti-gpSOLm (indirect immunofluorescence). Bar: 30 fim. (The preceding information applies to Figures 4 to 8 as well. ) Seven-day-old rat, left ventricular myocardium. All fibers are brightly stained. VOL. 49, No. 4, OCTOBER 1981 decrease in antimyosin reactivity occurred in most fibers by the 3rd week and only few reactive fibers were present in the ventricular myocardium of 1month-old animals (Fig. 4) . These fibers characteristically were localized at the endocardial surface and around large blood vessels. In subsequent periods there was a progressive increase in the number of reactive fibers that was initially more evident in subendocardial compared to subepicardial layers (Figs. 5 and 6 ). The ventricular myocardium in the adult rat heart showed a heterogenous fiber composition, fibers with different antimyosin reactivity usually being intermingled in a mosaic reminiscent of the checkerboard distribution of histochemically distinct fibers in skeletal muscle (Fig. 7) . Staining intensity was highly variable in different fibers, suggesting a continuous spectrum rather than discrete classes of fibers. Positively stained fibers were consistently more frequent in the left compared to the right ventricular wall and in subendocardial compared to subepicardial areas of the left ventricle.
Hypertrophic Rat Heart
Body weights of operated and control animals were not significantly different at 1 and 2 months after surgery. Two months after the operation, blood pressure and left ventricular weight were FIGURE 4 As in Figure 3 , except 30-day old rat, left ventricular wall. Rare reactive fibers at the endocardial surface (upper right).
FIGURES 5 AND 6 As in Figure 3 , except 45-day-old rat, left ventricular wall: subendocardial region (Fig. 5) and subepicardial region (Fig. 6) . Note difference in the frequency of reactive fibers markedly increased in the two experimental groups compared to controls (Table 1) . However, the response of different animals showed marked variability and there was no significant correlation between degree of hypertension and hypertrophy.
Indirect immunofluorescence assays revealed marked changes in the reactivity of the left ventricular myocardium of most experimental animals. In 20 of 23 rats examined 2 months after surgery, the mixed staining pattern in the left ventricle was completely transformed into a homogeneous pattern, all fibers being strongly stained with the two antimyosins (Fig. 8) . In contrast, no significant change was observed in the right ventricular myocardium which maintained a mixed pattern. The results were essentially identical in the two hyper- tensive models. Incomplete transformation of the immunohistochemical profile of the left ventricular myocardium was seen in only three rats with coarctation of one renal artery without cohtralateral nephrectomy showing scarce hypertrophy after 2 months. In these animals, a uniformly positive reaction in subendocardial regions of the left ventricle was associated with a persisting mixed pattern in subepicardial regions.
Discussion
The results of the present study are consistent with the view that different isomyosins are present in the rat ventricular myocardium and that their All measurements were performed 2 months after surgery. Values are means ± SE. Differences in blood pressure and left ventricular weight between the two experimental groups are not statistically significant when examined by Student's Mest (P > 0.5). Differences in blood pressure and left ventricular weight between each erperimental group and the control group are statistically significant {P < 0.001). Differences in body weight between the various groups are not statistically significant. VOL. 49, No. 4, OCTOBER 1981 relative proportions vary during development and during cardiac hypertrophy induced by pressure overload. On the basis of electrophoretic studies in non-dissociating medium, Hoh and co-workers (Hoh et al, 1978 Hoh and Egerton, 1979) have proposed a simple model for the presence of different isomyosins in the rat ventricular myocardium. Two distinct myosin heavy chains, HC a and HCp, can associate so as to give rise to two homodimers (V, : 2 HC a ; V 3 : 2 HC/,) and one heterodimer (V 2 : HC a HC/j), with distinct electrophoretic mobility and ATPase activity. Both Ca 2+ -and actin-activated myosin ATPase activity are higher for V! than for V3 (Pope et al., 1980) . Light chains are identical in the three isomyosins (Hoh et al., 1978) . The relative proportions of the three ventricular isomyosins change during postnatal development (Hoh et al., 1978) . V 3 is the predominant form in newborn rats (Hoh, personal communication) . By the 2nd and 3rd postnatal weeks, synthesis of HC Q is progressively increasing and, in 1-month-old animals, the ventricular myocardium is composed almost exclusively of Vi. During subsequent stages, HCfl reappears in the ventricular myocardium and adult rats contain a mixture of the three isomyosins with a relative predominance of Vi. Ventricular isomyosin composition is drastically influenced by the thyroid state, with HC« predominance in hyperthyroid state and HC^ predominance in hypothyroid state (Hoh and Egerton, 1979) . By applying similar electrophoretic techniques to the study of myosin changes in hearts hypertrophied secondary to pressure overload, Lompre et al. (1979) showed a transition from the normal isomyosin pattern to one with V 3 predominance. The basic implication of all these findings is that cardiac myosin changes induced by various experimental conditions are not due to the appearance of new ventricular myosins, but rather to the variable expression of two myosin heavy chain genes with resulting shifts in the relative concentration of different isomyosins.
The immunofluorescence observations reported here are consistent with the above results and are best explained by assuming that anti-gpSOLm and anti-gpVm react specifically with HC^. This interpretation is compatible with the changes in antimyosin reactivity of ventricular myocardium during development and also with immunofluorescence changes in hyperthyroid and hypothyroid conditions (in preparation). If this view is correct, our findings indicate that HC^ is not uniformly distributed in muscle cells of the rat ventricular myocardium. Interpretation of the antimyosin response of newborn rat heart is complicated by the possibility that embryonic ventricular isomyosins are also present at this stage (Whalen and Sell, 1980) . Therefore, only the immunofluorescence pattern of 1month-old rats and that of adult animals will be considered here. In 1-month-old rats, all fibers are negative except for rare, brightly stained fibers at the endocardia! surface and around large blood vessels. Because of their specific location, we would suggest that these fibers correspond to conduction elements (Truex and Smythe, 1965) . Such fibers are difficult to distinguish from normal ventricular fibers at subsequent stages of development, although they often tend to be more reactive than adjacent working ventricular fibers. On the other hand, the heterogeneous pattern of antimyosin immunoreactivity in adult aminals is clearly the expression of cellular heterogeneity within the working myocardium itself. In all rats examined, we found consistent differences in the frequency of labeled fibers between right and left ventricle as well as a transmural gradient in the left ventricle. Using antibovine atrial myosin presumably reactive with HC a in rabbit heart, we have previously shown that HC O is more abundant in the right ventricle and in subepicardial regions of the left ventricle in the rabbit heart (Sartore et al., 1981) . Regional variations in ventricular isomyosin distribution appear thus to be a general feature of the mammalian heart. The functional implications of this finding and the factors responsible for inducing and maintaining these regional variations remain to be determined. The close relation between myosin composition and contractile properties of muscle fibers (Barany, 1967) suggest that fibers with different contractile properties coexist within the ventricular myocardium. However, information concerning the distribution of HC Q in the rat ventricular myocardium is still lacking.* As regards the factors responsible for regional variations in immunofluorescence pattern, one possibility is that isomyosin distribution is related to the different wall stress and work load in different ventricular regions. The systolic pressure gradient within the ventricular wall (Stein et al., 1980) appears to correspond to the transmural gradient in HC^ distribution. Differences in isomyosin composition between right and left ventricular wall are also consistent with this interpretation. The changes in antimyosin staining in cardiac hypertrophy secondary to renal hypertension, indicating increased HC/» concentration in the left ventricular myocardium, could likewise be a direct consequence of the increased pressure load. Under these conditions, regional variations in isomyosin distribution are no longer apparent within the left ventricular wall, possibly as a result of increased intramural systolic blood pressure throughout both subendocardium and subepicardium.
